Between 2007 and early 2008, the INGV monitoring networks on Etna volcano recorded a recharging phase that climaxed with a new effusive eruption on 13 May 2008, and lasted about 14 months. A dike-forming intrusion was accompanied by a violent seismic swarm, with more than 230 events recorded in the first six hours, the largest being M L = 3.9. In the meanwhile, marked ground deformation was recorded by the permanent tilt and GPS networks, and sudden changes in the summit area were detected by five continuously recording magnetic stations. Poor weather conditions did not allow direct observation of the eruptive events, but important information was provided by infrared satellite images that detected the start of lava fountains from the eruptive fissure, feeding a lava flow.
Introduction
In the last few decades, several eruptions have taken place on Mt. Etna in relatively short succession (approximately one event every two years) [e.g. Branca and Del Carlo, 2004; Allard et al., 2006] , with lava flows causing serious damage to agriculture and crops, destroying roads and railway lines and dangerously threatening -fortunately without invading them -a number of towns. There have been numerous interventions urged by the Italian government to boost the monitoring systems and mitigate volcanic hazards, such as attempts to divert lava flows that threatened urban settlements 2 [Barberi et al., 1993; Barberi et al., 2003] . After the start of the new millennium, the most recent eruptions have also been characterized by prolonged explosive activity and ash emission that have created varying degrees of adversity to the Etnean cities and towns, and have often posed major problems -even paralyzing -to air traffic to and from the international airport of Catania. For this volcano particularly, the problem of understanding eruptive phenomena is of notable importance and also of considerable impact, owing to the high population density (about 1,200,000 people) on its slopes.
In recent years, the observations and monitoring systems on Etna have been significantly upgraded by the Istituto Nazionale di Geofisica e Vulcanologia (INGV), the scientific institution assigned to monitor and survey active Italian volcanoes. The quantity and quality of instrumental data, associated with the frequent recent eruptions, have enabled a better understanding of the phenomena in progress and also to model different eruptive mechanisms. In particular, the INGV monitors and studies Etna volcano through its Department in Catania (INGV-CT) by a multi-disciplinary surveillance [for a review of the activities and studies see Bonaccorso et al., 2004a] . The INGV-CT maintains different monitoring networks formed by hundreds of permanent stations (seismic, GPS, tilt, visual and thermal webcameras, gravity, magnetic, geochemical, etc.) , manages the H24 surveillance service for the Civil Defense Department of the Italian government and gives prompt alert and updates on volcanic activity occurring in southern Italy. The exceptional instrumental quantity and quality of data, coupled with the frequent recent Etna eruptions, have enabled modelling different eruptive mechanisms, leading to a better understanding of the phenomena in progress. The work presented here, besides focusing on the last eruption begun in May 2008 and lasted about one year, comprises important innovative aspects concerning the knowledge 3 of eruptive mechanisms from a broad and multi-disciplinary perspective, and simulations of ongoing volcanic processes such as ash dispersal and lava flow expansion.
After an overview on the recent eruptive activity of Etna (Section 2), in Section 3 we describe the recharging phase which preceded the eruption. Then the crucial moments of the beginning of the eruption with the first important stages of the dike-forming intrusion are outlined. We describe the intrusion and eruption characteristics in Section 4, highlighting the peculiarity of this event on the basis of seismicity, seismic tremor analysis, ground deformation, and geophysical signals, accompanied by an analysis of the extensive ground fracture field formed on the highest northern sector of Etna. In Section 5, the modeling results on the 2008 dike intrusion are also presented. In Section 6, the main hazard implications of this eruption are discussed, describing the lava flows and ash plume simulations applied to face this eruption that proved extremely useful for civil protection purposes. Finally, in Section 7 we discuss the interpretation of this eruption, the explanation of its new emplacement mechanisms, the general implications for volcano hazard and how we managed them.
Recent eruptive activity at Mt. Etna
Mt. Etna volcano is located in southern Italy (Sicily) and is the highest active volcano in Europe recently measured at 3329 m . During the past 400 years, the volcano has produced over sixty flank eruptions [Behncke and Neri, 2003a; Branca and Del Carlo, 2004; Behncke et al., 2005] , while the summit craters have been almost continuously active, with persistent degassing and frequent explosive activity at the vents on the crater floor (Fig. 1) .
The 1991-1993 flank eruption [Calvari et al., 1994; Stevens et al., 1997] was the most important eruption in the last three centuries both in terms of duration (472 days) and volume of lava erupted (about 235 x 10 6 m 3 ). Immediately following the eruption, the volcano showed a persistent degassing (April 1993 -June 1995 , then an almost continuous summit activity, increasing in intensity between
July 1995 and June 2001 [Allard et al., 2006] . Between 1993 and 2001, an overall recharging phase is 4 well documented by the (is clearly observable in the) ground deformation, which showed an almost continuous expansion of the whole volcano edifice [e.g. Bonaccorso and Davis, 2004; Bonaccorso et al., 2006; Bonforte et al., 2008] . This phase culminated with the two violent and dramatic explosiveeffusive flank eruptions of and October 2002 -January 2003 [Benhcke and Neri, 2003b Andronico et al., 2005] . Dike-forming intrusions related to both eruptions followed an eccentric path (i.e. bypassed the central conduit system; Acocella and Neri, 2003) on the S flank, resulting in strong and prolonged explosive activity, intense seismicity, and marked ground deformation.
Conversely, the NE branches of the 2001 and 2002-2003 eruptive fissures oriented directly from the central conduit, producing an eruption with a different composition of largely degassed magma [Behncke and Neri, 2003b; Andronico et al., 2005] . The unusual and long-lasting explosive activity from the S fissures caused major problems for road traffic and disrupted air travel at the International Airport of Catania. Lava flows in 2001 expanded south and threatened the village of Nicolosi (Fig. 1) .
The NE lateral intrusion in 2002-2003 also promoted a marked acceleration of the eastward sliding of the SE flank of the volcano, therefore marking a significant change in the volcano's dynamic regime [e.g. Neri et al., 2004 Neri et al., , 2005 Neri et al., , 2009 Rust et al., 2005; Walter et al., 2005; Bonaccorso et al., 2006; Bonforte et al., 2007 Bonforte et al., , 2009 Puglisi et al., 2008; Ruch et al., 2010] . Neri et al., 2009; Solaro et al., 2010] . The effusive activity in 2004-2005 was fed by a dike-like intrusion that intersected the central conduit of the volcano Neri and Acocella, 2006] . This eruption was relatively 'passively' triggered, in the sense that the draining fissures were caused by the exceptional sliding rate (~ 7-10 cm/y) recorded in the eastern flank of the volcano by the GPS network [Bonaccorso et al., 2006] . As a result, the eruption onset was unusually 'silent', because it was neither a forerunner nor accompanied by the common explosive activity at the summit craters. There was no significant increase in the gas emission from the summit craters, no seismic swarms, seismic tremor or seismicity of any kind, no ground deformation changes, 5 all phenomena that are usually observed during an intrusion process on Mt Etna Bonaccorso et al., 2006] .
After the end of the 2004-2005 eruption, the GPS network recorded a renewal of the type of inflation precursor that led to the 2006 eruptions. Besides the inflation-deflation sequence preceding and following lava output (Fig. 2) , the eastern flank of the volcano showed seemingly independent dynamics with a fairly constant seaward motion [Puglisi and Bonforte, 2004; Bonforte and Puglisi, 2006; Bonaccorso et al., 2006; Neri et al., 2009; Solaro et al., 2010] . The 2006 eruptions marked the reactivation of the South-East Crater (SEC), figure 1, that had been inactive since July 2001 . Strombolian activity and lava overflows characterized the summit vent of this crater, and were accompanied by lava emission from WNW-ESE fissures that opened at the base of the cone [Behncke et al., , 2009 . In similarity with the 2004-2005 phase, the onset of the 2006 July eruption was not accompanied by evident changes of geophysical parameters, including seismicity or significant explosive activity from the summit craters .
After the end of the 2006 eruptive phases, the GPS network indicated again a volcano inflation (Fig. 2d ) [Aloisi et al., 2009] was linked to the regional structural systems trending NE-SW and NNW-SSE [Gresta et al., 1990 ]. An acceleration in the strain release curve took place on 7 January 2008 in concomitance with a deep seismic swarm (30 events, M max =2.8) in the SW sector of the volcanic area (Fig. 3c) . Some days later, The last two episodes of 2007 were characterized by strong lava fountaining, tephra emission and the production of extensive lava flows [Andronico et al., 2009] . In particular, the 4-5 September lava fountaining lasted for an unusually long time (more than 10 hours) with the same strong intensity, and produced a ~4.6 km long lava flow field into the Valle del Bove. GW. In figure 5 , the behavior of cumulative radiative power calculated at all hot pixels per image is reported for the whole period of the fountain. For three significant instants -the beginning (14:00 GMT), the strongest phase (15:00 GMT) and the decreasing phase (17:30 GMT) of activity -the geospatial location of the detected anomalous pixels is shown on a Google Map Service base. The colors of the pixels are associated with the intensity of the radiative power calculated for each pixel.
Starting from the radiative power, it is possible to compute an estimation of the effusion rate [Harris et al., 2005; Vicari et al., 2009] , finding a mean value of about 25 m 3 s -1 . However, given the filtering effect provided by clouds covering the eruptive zone, the radiative power, and thus the effusion rate may be underestimated. Nonetheless, using the formula proposed by Calvari and Pinkerton [1998] , a mean effusion rate of 30 m s is needed in order to obtain a 6.4 km long lava flow. The ash plume on the same day a decrease of volcanic tremor accompanied the end of the explosive and effusive activities. No eruptive activity characterized the summit of Mt. Etna for three days, when eventually a new explosive and effusive phase resumed fairly close to the northern base of the SEC.
The 2008-2009 flank eruption
On 13 A description of the uprising magma intrusion was provided by the tremor source location performed by using a grid-search approach [Gottschammer and Surono, 2000; Battaglia et al., 2005; Di Grazia et al., 2006 . A few hours before the beginning of the eruption, volcanic tremor showed significant variation both in the amplitude and the source location (Fig. 7) . Starting from 06:40 GMT, the tremor source locations tended to be shallower and moving towards the E (Fig 7a, b) . Such a sharp migration of the tremor source centroid highlighted the imminence of the eruption as well as the magma pathway and the eruptive fissure position. The volcanic tremor amplitude rapidly increased at the same time as the source migration and reached its maximum at 10:10 GMT, exceeding the maximum level recorded during the lava fountain on 10 May 2008 (Fig. 7c) . Afterwards, the tremor amplitude abruptly 9 decreased in the successive hours and then more slowly decreased on the following days [Patanè, 2008] .
Due to the cloud cover and fog around the volcano, the permanent webcams network was not able to record the explosive activity. However, important information was provided by the SEVIRI sensor.
In figure 8 the SEVIRI sequence is recorded from 9:15 to 10:30 GMT, when it was possible to track the evolution of the ash plume (yellow pixels) until the first hot spot related to eruptive activity (red pixels).
No eruptive phenomena are observable in the image acquired at 9:15 GMT. The next image acquired at 9:30 GMT detected the beginning of an ash plume moving towards the NE, which was associated with the lava fountain from the northern part of the eruptive fissure. Instead, the first hot spot, due to the increased lava output and thermal anomaly, was detected at 10:30 GMT.
Coincident with the beginning of the lava fountaining and lava flow output from the eruptive fissure, images from Moderate Resolution Imaging Spectrometer (MODIS) aboard EOS satellites (spatial resolution 1 km 2 , temporal resolution 6 hours) were also analyzed showing the first hot spot at 9:45 GMT. This coarse resolution is owing to the fact that the ground-projected area of SEVIRI's IFOV (instant field of view) is more than one order of magnitude greater than that of MODIS, thus it cannot distinguish thermal anomalies as small as those detectable by the MODIS [Roberts et al., 2005) .
Radiative transfer modeling suggests that SEVIRI should be able to detect and characterize volcanic events whose radiative power ranges from 100 to 1000 MW per pixel, implying that for the typical range of volcanic eruption temperatures (900-1200° K), the minimum area detectable should be of about 100 m 2 [Roberts et al., 2005] .
The eruption initiated with a system of eruptive fissures propagating SE from the summit craters toward the western wall of the Valle del Bove. Lava fountains erupted from a N140°E fissure extending between 3050 and 2950 m asl. In two hours, the eruptive fissure propagated downslope and southeastward, curving N120°E, and reaching the minimum elevation of 2620 m asl (Fig. 9 ).
Meanwhile, strombolian activity migrated from the upper segment of the fissure to its lowest portion.
Here, a lava flow erupted at high rates from two main vents (V1 and V2 in figure 9 ) and rapidly expanded in the barren Valle del Bove, reaching 6 km in length and the lowest elevation of 1300 m asl.
After the initial phase of the eruption, when the lavas emerged from a N140-120°E fissure (3050-2620 m asl), a ~N-S dry, 2450 m long and 200-800 m wide asymmetric graben, formed in the upper portion of the NE Rift (3320-2620 m asl), in a roughly flat area (i.e. dipping ~5-10° N). Fractures in this area were high-angle extensional features across which the ground surface was horizontally displaced by up to 0.1 m, with a maximum vertical movement of 0.2 m. This fracture field grew for a few hours, presumably until the early afternoon on 13 May, because poor weather conditions did not allow continuous observations. The extension and the geometry of the graben were compatible with a northward dike-forming intrusion located at a depth of about 800 m with respect to the topographic surface [Pollard et al., 1983; McGuire et al., 1991; Day et al., 1999; Billi et al., 2003] . No eruptive activity was involved with these fractures.
The lava flow emplaced on 13 May expanded within the upper Valle del Bove and reached a maximum distance of 6.4 km on the first day. The following days the effusion rate showed a marked decline ( Fig. 10 ), accompanied by a gradual up-slope migration of the active lava flow fronts, by deepening of the lava level within the master channel, and by a decrease in the intensity of the explosive activity from the uppermost portion of the eruptive fissure. The decline in magma supply and the drainage of the feeder dike resulted, by the end of May, in an obstruction and inward collapse of the walls of the SEC summit crater and of the effusive vent zone at its eastern base, choking off the magma supply allowing to build up within the volcano causing a further up-slope migration of the active flow fronts, from 1300 m to 2200 m asl. After this date, a sudden increase in seismic tremor raised a new alert at least four times, on 28 May -8 June, on 20 June, on 4 July, and on 9-11 July. These were accompanied by significant increase in the SO 2 gas flux from the summit craters, and increase in the effusion rate that became twice the previous value with a delay of a few days (Fig. 10) causing the lava flow fronts to extend again to low elevations, as well as increase in the explosive activity and an increase in the effusion rate from the upper vents along the eruptive fissure. During this period, deep explosive activity started from the North-East Crater (NEC), figure 1 , and an intense degassing produced a significant gas column from the pit at the eastern base of the SEC that was previously 11 obstructed by inner collapses. In the following month, the effusion rate progressively decreased. The eruption ended on 6 July 2009, after almost 14 months of continuous lava effusion.
Geophysical modeling of the intrusive process
On the morning of 13 May 2008, the continuous signals recorded at the permanent magnetic, tilt and GPS stations recorded significant changes during the intrusion [Napoli et al.; 2008; Aloisi et al., 2009 ). Until 09:00 GMT, no significant changes were observed at all magnetic stations (Fig. 11 , see total intensity of the magnetic field decreased more than 6.5 nT during the 5-hour period (from 9:00 to 14:00 GMT). The amount of the decrease fell off northward and no significant variations are observed at DGL. During the same period, the magnetic stations on the southern flank of the volcano showed minor variations. In particular, a negative change was detected at BVD (-1.8 nT), whereas the magnetic field at CST was almost unchanged. A slight positive variation of 1.8 nT was observed at BCN [Napoli et al., 2008] . The magnetic data clearly show a rapid change from 09:00 to 10:00 GMT, when most of the earthquakes (about 150 of 230) were recorded [Patanè, 2008] . Then, a decrease in the rate of magnetic variations was observed from 10:00 to 14:00 GMT during which a reduction in the earthquake rate was observed. After the seismic swarm ended, no further magnetic variations were detected at all stations [Napoli et al., 2008] .
Very sharp tilt changes started first in the summit area where the largest variations (about 100 microradians) were detected from 8:40 at PDN station, which was the closest to the crater area, and tilt variations were successively observed in the middle flanks of the volcano, but with strong attenuation.
MSC station, which is on the upper western flank (Fig. 12 ), recorded about 10 microradians; clear but minor changes were recorded in the other stations on the middle flanks (Fig. 11) . The summit stations of the continuous recording GPS network showed horizontal displacements of a few tens of centimeters.
Smaller variations of a few centimeters were detected at the other stations. The deformation pattern was radial with respect to the summit area [Aloisi et al., 2009] .
Analytical solutions were used to model the geophysical observations and to infer the intrusion source parameters. Magnetic data inversion indicated the response to a tensile mechanism with an intrusion crossing the volcano edifice along a ca. NNW-SSE direction in the northern flank attributable to piezomagnetic effect (Fig. 12a) . The estimated intrusive dike, located within the zone of the seismic swarm that occurred during magma propagation, generated a deformation pattern that also fits well the ground deformation recorded by the continuous GPS network operating on Mt Etna [Napoli et al., 2008 ]. This analytical model provided a first acceptable representation of the magma intrusion by using a single intrusion source (Fig. 12a ).
As also suggested by the temporal evolution of the seismic events and structural field evidence, an attempt to improve the source geometry was performed by Aloisi et al. [2009] , who divided the intrusion into two phases (Fig. 12b, 12c ). In particular, as suggested by the seismicity pattern and by the summit tilt gradient change, the intrusion time was divided into two intervals from 8:40 to 9:30 and from 9:30 to 17:00, which represent the phases of the ascending vertical dike-like intrusion and a following attempt of the magma to penetrate laterally towards the N, respectively. The first dike generated the intrusion in the high southern flank and the following eruptive fissure, while the lateral intrusion in the northern flank stopped without lava emission but induced a dry fracture field.
Simulation and prediction of the ash dispersal and lava flows
6.1 Ash dispersal and fall-out simulation The ash dispersion forecasting was performed by using the meteorological forecast data for the next 48 hours, received every morning from the Italian Air Force, and by running different air dispersal and fall-out models such as HAZMAP [Macedonio et al., 2005] , TEPHRA [Bonadonna et al., 2005] , FALL3D [Costa et al., 2006] and PUFF [Searcy et al., 1998 ]. All the models are continuously running at INGV in Catania, and the simulations are sent via internet to the Civil Protection Department that produces the 'hazard bulletin' for the airports, which clearly defines the sectors affected by the ash fallout and the risk level for the flights and the airport.
The surveillance system started up during the lava fountain episodes of 2007; it proved very helpful during the lava fountain that began in the late afternoon of September 4, 2007 and lasted about 12 hours. Despite the long duration of this episode, the simulation showed that the ash plume was clearly moving in the eastern direction during the following 48 hours with an elongated shape of the fall-out and without affecting the Catania airport. The hazard bulletins for aviation were very precise and the airport worked regularly without interruptions.
The start of the 2008 eruption was another important test-case to validate the importance of this surveillance system. The alert was made promptly at the beginning of the seismic swarm allowing the DPC to send the first hazard bulletin to the airport authorities. The bad weather conditions did not allow the permanent cameras to detect the explosive activity but, as shown in Section 3, the satellite 14 confirmed a plume moving towards the NE from 9:30. The ash dispersal simulation forecasted for the following 24 hours a well-shaped and stable plume elongating towards the NE without affecting the area around the Catania airport (Fig. 13 ). The precise information provided the first hazard bulletin with clear indications of the area affected by the ash dispersal, allowing the aviation and airport authorities to advise pilots so that they could use alternative flying routes, landing and taking off from the W rather than the E. The second hazard bulletin on the afternoon of 14 May communicated the end of the violent ash emission. During this time, the hazard bulletins allowed the Catania airport to be correctly informed of the ongoing phenomena and the plume cloud forecasting. The airport did not suffer interruptions and operated on a regular schedule.
Lava flow simulations
Between 13 May and 21 June 2008 we simulated the expansion of the lava flow field for hazard purposes every day using the MAGFLOW model [Vicari et al., 2007; Del Negro et al., 2008] . The data required to run MAGFLOW are : i) the digital elevation model (DEM), ii) the conditions for extrusion of lava, and iii) the physical and rheological properties of lava. However, for a given composition, the volumetric flux of lava from the vent (i.e. the lava effusion rate, Harris et al,. 2007; Harris and Baloga, 2009 ] is the principal parameter controlling the final flow dimensions. Direct field measurements of lava effusion rate are often difficult to make during the early phases of an eruption, especially when lava flows expand at high speed, and strong explosions, fountaining and lava spattering occur at or near the master vent [Pinkerton and Sparks, 1976; Frazzetta and Romano, 1984; Calvari et al., 1994 Calvari et al., , 2003 Behncke and Neri, 2003a; Lautze et al., 2004; Bailey et al., 2006] . In all these cases, the timely synoptic view offered by satellite-based sensors can be used to estimate instantaneous lava flow output [Harris et al., 1997a [Harris et al., , 2000 Herault et al., 2007; Harris and Baloga, 2009] . To this end, we implemented an automated system that uses infrared satellite data acquired by MODIS to estimate the time-averaged discharge rate following the methodology of Harris et al., [1997a Harris et al., [ , 1997b Harris et al., [ , 1998 ].
The data set consists of about 90 cloud-free satellite images of the MODIS sensor of the TERRA and AQUA satellites. The sequence started on 13 May at 09:45 GMT. Figure 10 shows the estimated 15 values of effusion rate for the period from 13 May to 15 July 2008. The estimated satellite effusion rate values showed a fairly usual trend, at least for the first five days of the eruption. The maximum values of flow rate were reached between the first and the third day of eruption, then the effusion rate sharply decreased. After that, an increasing trend was observed in the second half of June, reaching peaks of about half of the initial highest values (Fig. 10) . This is not common during dike drainage and suggests that new inputs of gas-rich magma entered the system [Calvari et al., 2005a [Calvari et al., , 2005b [Calvari et al., , 2010 , causing some concern for a possible greater expansion of the lava flows. For this reason, satellite-derived timevarying eruption rates were constantly used during the 2008 eruption every day as a basis to obtain numerical simulations of lava flow paths using the MAGFLOW Cellular Automata model Vicari et al., 2009] . The physical and rheological parameters used for the simulations are reported in Table 1 . As a topographic base, we have used the Digital Elevation Model (DEM) of Etna from data collected during the 2007 aerophotogrammetric flight that has a resolution of 10 meters. Since this DEM did not cover the entire area for our simulation, it was extended by using the 2005 topographic base, thanks to the contribution of INGV, Pisa.
Two vents V1 and V2 (Fig. 9) , active on 13 May in the eastern part of the summit craters, were considered for numerical simulation. Indeed, the satellite-derived time-averaged discharge rates represent the total effusion rates from the two vents V1 and V2, so a critical parameter for the simulations is the relative weight of the flux rate for each vent. After several attempts of varying the allotting of flux rate between the two vents, the best results are shown in figure 14 , where a 40 days extrusion interval is illustrated assigning 1/3 part of the total flux rate to V1 and 2/3 to V2. The simulated scenario reproduces the observed lava field well. Mismatching between the simulated and the observed path of lava flow in the northern branch is probably due to the influence on DEM used for the simulation by two 2007 lava fountains, 4 September and 23 November (Fig. 1) . Starting from this base configuration of simulation parameters, several other simulations were performed during the early phase of the eruption in order to verify which conditions, especially for the values of the effusion rate, could be considered as a threshold of alert. For all simulated scenarios, no lava flow path extended beyond the Valle del Bove area, even if high values of the effusion rates were used as input of MAGFLOW.
Discussion
Mt. Etna is characterized by a persistent degassing activity from the summit craters through which the magma residing in the upper conduit gradually releases its explosive power , and reference therein). Following Rittmann [1973] , effusive eruptions at this volcano can be divided into four main classes: 1) terminal eruptions, or eruptions involving overflow of magma from the summit craters and accompanied or not by explosive activity (strombolian or fire fountains), which are the consequence of the extrusion of magma from a shallow reservoir through the central conduit of the volcano; 2) subterminal eruptions, involving the summit region above 3000 m elevation and thus the area immediately surrounding the summit craters; 3) flank lateral eruptions [or central-lateral eruptions according to Acocella and Neri, 2003] , in which magma from the central conduit intrudes as lateral dikes and erupts on the volcano flanks, commonly characterized by multiple vents aligned along the eruptive fissure that radiates from the summit of the volcano [Bonaccorso and Davis, 2004] and by explosive activity during the initial phases of the eruption; and 4) flank eccentric eruptions [also named peripheral eruptions; Acocella and Neri, 2003 ], or eruptions triggered by dike-forming intrusion rising straight from the magma reservoir without using the central conduit, and that for this reason keep their original gas content until the start of the eruption, giving rise to extremely powerful and prolonged explosive phases, such as recently occurred in 1974 , and 2002 [Guest et al., 1974 Behncke and Neri, 2003b; Lanzafame et al., 2003; Andronico et al., 2005; Neri et al., 2005; Acocella and Neri, 2009 ].
The ground deformation modeling of the several flank eruptions occurring on Etna in the last three decades confirmed that the flank eruptions can be divided into the two classes : lateral and eccentric [see Bonaccorso and Davis, 2004 for a review]. The first type involves magma rising along the upper central conduit system before breaking out into shallow dikes propagating horizontally. The second type involves dikes that are generated at depths of several km and expand vertically through the volcanic pile provoking marked deformation until they break the surface and erupt explosively without intersecting the central conduit.
The intrusion associated with the 2008-2009 eruption was characterized by a different mechanism, never observed or modeled before at Etna. In this case, as shown by magnetic and deformation modeling, the near-vertical intrusion departed from the central conduit system at a depth of 1.6 km below the summit area and propagated towards the E, without following the path of the central conduit (Fig. 15) . This is neither a classic central-lateral eruption propagating radially from the upper ~1.6 km of depth, facilitating three days later (on 13 May) the intrusion of a dike out of the conduit, in a NE direction. Therefore, we believe that the accumulation of gas-rich magma at shallow depth (~1.6 km) maintained its eruptive power, and also triggered the flank eruption three days later. The shallow depth of the departure of the intrusion below the summit area (~1.6 km), which corresponds to the centroid depth of the source of the volcanic tremor (Fig. 7b) , was inferred by the deformation that was restricted to the summit area.
The initial phase of the eruption raised two main hazards, namely the ash dispersal produced by the explosive activity and the magma fracture propagation towards the N. A third critical hazard was related to the high effusion rate during this initial phase and its increase measured by satellite (28 May -8 June, 20 June, 4 July, and 9-11 July), and associated with augmented seismic tremor, that could have resulted in a greater growth of the lava flow field.
As described in the previous Section 6.1, this was the first instance during an eruption of the complete monitoring application of the surveillance system developed by INGV for the ash clouds 18 detection and simulation. The interaction with the Italian DPC was very effective and the precise information provided by the hazard bulletin permitted a timely management of this hazard without the unnecessary closure of the Catania airport Andronico et al., 2005] .
During the first days, there was great concern for the possible eruptive fissure propagation towards the N. In fact, as inferred by seismicity during the intrusive phase (Fig. 6 ) and by ground deformation modeling (Fig. 12b1, 12b2) , the dike-forming intrusion moved towards the N along its shallower part. This attempt to penetrate the N flank was confirmed by the field structural investigation that revealed ~N-S dry fractures propagating along the upper sector of the NE Rift (Fig. 9) . The concern was particularly high because similar fractures opened during the first phase of the 1981 eruption, when in a few hours the lavas destroyed about 1 km of railway, several roads and other infrastructures, and approached the town of Randazzo. On that occasion, an eccentric magma fracture vertically crossed the entire volcanic edifice and caused significant deformation of the entire volcano edifice [Bonaccorso, 1999] . Contrary to the expected, this time the limited ground deformation pattern recorded during 13
May 2008 argued against this dangerous situation.
The lateral propagation of the dike-forming fracture towards the N was probably halted by the moderate volume of the intrusion, by the shallow origin of the dike (~1600 m with respect to the surface, Fig. 15 ) and by the reduction of pressure due to the concomitant eruption with magma drainage along the SE portion of the dike inside the Valle del Bove [Aloisi et al., 2009] . During its northern propagation, the 2008 intrusion moved towards the NEC conduit ( Fig. 9 ) but without triggering any visible eruptive activity from this summit crater. This reveals that the origin of the 2008 dike was linked to the shallow storage of the SEC conduit, although at the surface the position of the eruptive and dry fissures was closer to the NEC (Fig. 15) . The structural field investigation suggested that the NNW extremity of the magmatic intrusion was confined to about 800 meters below the topographic surface, causing the opening of a ~N-S dry, 2450 m long and 200-800 m wide asymmetric graben (Fig. 9) . The ~N-S dry fractures thus formed and expanded until the first lava flow was erupted from the surface fissure that opened towards the S and SE into the Valle del Bove. The sharply declining effusion rate of this first phase of the eruption (Fig. 10) is typical of dike drainage, as already described by Wadge [1977] and Harris et al. [2000] .
The last major hazard was posed by lava flows and the possibility that, depending on the increased effusion rate, the lava could extend beyond the Valle del Bove depression and threaten the infrastructures and villages on the eastern flank. Indeed, a higher and steady lava supply as observed after mid May 2008 (Fig. 10) could have resulted in lava tube growth, thus lengthening the lava flow field much more than in cases of channel-fed flows [see Calvari et al., 1994; Calvari and Pinkerton, 1998; 1999] . This is why particular attention was given to the daily calculation of effusion rate and the simulation of lava flow spreading and the information promptly forwarded to DPC. The thermal state and effusion rate of the 2008 Etna eruption have been monitored by an automatic system that uses satellite data with different refresh times as input. The system was able to observe short dynamic activities such as the lava fountain preceding the eruption and to follow the different phases of the eruptive activity. It also provides a tool that can assess the hazard posed by hypothetical and ongoing eruptions. During the following stage, from the end of May to mid July, even if the lava was continuously erupted from the eruptive fissure, we did not observe any gradual decline in effusion rate.
On the contrary, in the second part of July 2008, some phases of increased effusion rate were recorded (Fig. 10) . The associated sudden increase in volcanic tremor, gas release, and effusion rate indicated a new input of gas-rich magma within the system. This process happened at least four times during the initial phase of the 2008-2009 eruption here described, suggesting new inputs of gas-rich magma within the shallow magma storage region of the volcano [Calvari et al., 2005a [Calvari et al., , 2005b [Calvari et al., , 2010 . With time, increasingly smaller gas-rich magma pockets entered the system, as revealed by the shorter duration of the explosive phase and the decline in effusion rate, thus significantly decreasing the hazard posed by the eruption.
Conclusion
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The results presented here show how a potentially dramatic eruption occurring in a densely populated area and close to the third largest international airport of Italy has been managed without significant economic damage, providing an effective evaluation of the posed hazards and the correct forecast scenarios. We have highlighted the great benefit of continuous feedback between research and monitoring, as well as the importance of integrated multi-disciplinary monitoring networks and techniques when dealing with a magmatic intrusion that can suddenly change its path at depth. In particular, volcanic tremor localization and ground deformation modeling allowed interpreting the mechanisms of the final intrusive process and the shape of the feeder dike. The interpretation of the deformation field excluded further dike propagation towards the lower flank of the N sector, in contrast with the devastation that occurred during the 1981 eruption.
During the explosive phase, ash spreading in the atmosphere could have raised concern and produced disruption to the international airport at Catania, as occurred in 2001 and 2002. However, the continuous monitoring of the eruptive cloud, coupled with the application of several software packages for ash spreading simulations and then integrated with wind forecasting, and especially the routine established between Istituto Nazionale di Geofisica e Vulcanologia, the Italian Civil Defense Department and the Italian National Organization for Civil Aviation, resulted in an eruption that proceeded with minimal impact from an economic point of view, without interrupting the regional air traffic. Once the eruption started, it was essential to obtain daily measurements of effusion rates from satellites and forecast lava flow spreading. In fact, the effusion rate peaks observed after May 2008, accompanied by increasing seismic tremor and gas output from the summit craters, revealed new inputs of gas-rich magma entering the supply system. This resulted in a greater down slope extension of the lava flows that reached lower elevations, raising concern for the possibility of tube development within the lava flow field, thus accreting even more the potential of longer flows. However, daily calculations of the effusion rate from satellite and immediate lava flow simulations using the MAGFLOW model have allowed us to keep our estimates of the expansion of the lava flow field up to date and accurate.
This multi-disciplinary approach prompted an efficient feedback between monitoring and research, which is very helpful for an effective support to risk evaluation. 
